Abstract Pulmonary hypertension (PH) is a disorder of lung vasculature characterized by arterial narrowing. Phosphatase-and-tensin homolog on chromosome 10 (PTEN), associated in the progression of multiple cancers, is implicated in arterial remodeling. However, the involvement of PTEN in PH remains unclear. The objective of the present study was to determine the role of PTEN in pulmonary vascular remodeling using established models of PH. The study used rat models of PH, induced by monocrotaline (MCT) administration (60 mg/kg) or continuous hypoxic exposure (10% oxygen) for 3 weeks. Pulmonary artery smooth muscle cells (SMCs) were used for in vitro confirmation. Development of PH was verified by hemodynamic, morphological and histopathology analyses. PTEN and key downstream proteins in pulmonary and cardiac tissues were analyzed by western blotting and RT-PCR. PTEN was significantly decreased (MCT, 53%; Hypoxia, 40%), pAkt was significantly increased (MCT, 42%; Hypoxia, 55%) in tissues of rats with PH. Similar results were observed in SMCs exposed to hypoxia (1% oxygen) for 48 h. Ubiquitination assay showed that PTEN degradation occurs via proteasomal degradation pathway. Western blotting demonstrated a significant downregulation of cellcycle regulatory proteins p53 and p27, and upregulation of cyclin-D1 in the lungs of both models. The results showed that PTEN-mediated modulation of PI3K pathway was independent of the focal adhesion kinase and fatty acid synthase. The study, for the first time, established that PTEN plays a key role in the progression of pulmonary hypertension. The findings may have potential for the treatment of pulmonary hypertension using PTEN as a target.
Introduction
Pulmonary hypertension (PH) is a disorder of the lung vasculature that manifests itself when the mean pulmonary arterial pressure increases to one-fourth of the systemic blood pressure. PH results from constriction, or stiffening, of the pulmonary arteries that supply blood to the lungs. PH promotes vascular remodeling, leading to the development of neointimal formation and vascular occlusion [1] .
Consequently, it becomes more difficult for the heart to pump blood forward through the lungs. This stress on the heart leads to enlargement of the right heart. In the clinical setting, PH may occur as a result of heart failure, pulmonary parenchymal or vascular disease, thromboembolism, or a combination of these factors [2] . Irreversible PH, with a fixed pulmonary vascular resistance of more than 4 Wood units, has long been considered a contraindication to transplantation in heart failure patients [3] . However, the reversibility of PH in patients is now well recognized, and it is believed that if reversibility could be achieved acutely with pharmacologic intervention, there would be a significant decrease in mortality and morbidity due to PH [4] .There is a significant gap in the understanding of the mechanisms involved with the development and progression of PH, and if identified, could provide key therapeutic targets [5] [6] [7] .
Phosphatase-and-tensin homolog on chromosome 10 (PTEN) is a multifunctional lipid phosphatase that was initially identified as a tumor suppressor gene [5, 7, 8] . Active PTEN protein serves as a modulator of several cellular functions, including cell survival, migration, proliferation, and apoptosis [9] [10] [11] . PTEN has recently been found to play an important role in the cardiovascular and pulmonary systems [12, 13] . Activation of PTEN regulates cardiomyocyte hypertrophy and survival, and also regulates pulmonary smooth muscle cell (SMC) proliferation and cell survival [12, 13] . The inactivation of PTEN in the setting of vascular injury leads to constitutive Akt activation, which is an early and critical event involved in neointimal formation and the activation of pulmonary SMCs [14] . Targeted deletion of PTEN in SMCs results in vascular remodeling and PH [6] . In contrast, overexpression and stabilization of PTEN in vitro and in vivo have been shown to inhibit vascular SMC proliferation and survival leading to neointimal hyperplasia and PH [5, 6, 15] . PTEN activation regulates both cell proliferation and survival genes that control the progression of cardiovascular and pulmonary diseases by targeting the Akt pathway [12, 13] . PTEN inhibits the phosphatidyl-inositol-3-kinase (PI3K) and downstream functions, including activation of Akt, cell survival, and cell proliferation in tumor cells carrying mutant or deletion-type PTEN [16] . However, the role of PTEN in PH, particularly with respect to pulmonary arterial SMC proliferation, survival-signaling pathways, and the mechanisms involved remain unclear. It is possible that PTEN expression is directly downregulated by factors promoting the development of PH, including hypoxia [7, 17] , or could be due to other factors associated with the remodeling process [18, 19] .
In the present study, we hypothesized that PTEN is involved in the development of PH, irrespective of the etiology of the process. Accordingly, the aim of this study was to determine the involvement of PTEN in the progression of PH. The studies were conducted using established in vivo rat models of PH induced either by monocrotaline (MCT) administration [20] or long-term hypoxic exposure [7, 17] . Pulmonary arterial smooth muscle cells (SMC) exposed to hypoxic conditions were used for in vitro experiments. The results showed that PTEN expression levels were significantly compromised in both in vivo models. In vitro studies using SMCs showed the loss of PTEN occurring through the proteasomal degradation pathway.
Materials and Methods

Reagents
Dimethyl sulfoxide (DMSO) and antibody directed against a-smooth muscle actin (a-SMA) were obtained from Sigma-Aldrich (St. Louis, MO). Polyvinylidene fluoride (PVDF) membrane and molecular-weight markers were obtained from Bio-Rad (Hercules, CA). Antibodies directed against Akt, pAkt (Ser473), PTEN, and pPTEN (Ser380 and Thr381/382) were purchased from Cell Signaling Technology (Danvers, MA). Antibodies directed against cyclin-D1, p53, p21, and p27 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Enhanced chemiluminescence reagents were obtained from GE Healthcare (Chalfont St. Giles, Buckinghamshire, UK).
Monocrotaline (MCT) Model
All animal experiments were performed according to the guidelines approved by the IACUC of the Ohio State University. Rats were administrated a single, subcutaneous (sc) dose of MCT (60 mg/kg BW). The rats were euthanized by intra-peritoneal (i.p) injection of pentobarbital 2 weeks after MCT exposure. An age-matched control group with vehicle (saline)-only treatment was used for comparison. The lungs and hearts from both groups were collected and homogenized for protein expression analysis.
Chronic Hypoxia (CH) Model
Rats were exposed to 10% oxygen continuously for 3 weeks using a custom-built hypoxia chamber (BioSpherix-A chamber equipped with ProOx oxygen level controller; BioSpherix, Lacona, NY). The addition of nitrogen to ambient air was used to modify the oxygen level. The rats were euthanized, as described in the previous model at 3 weeks after continuous exposure. An age-matched control group of animals exposed to normoxia (21% oxygen) for 3 weeks was used for comparison. Analysis of protein expression was performed in the homogenized lungs in both groups.
Human Pulmonary Artery Smooth Muscle Cells
The human pulmonary artery smooth muscle cells (SMC) used in this study were obtained at passage 3 (Lonza CC-2581) and maintained in culture. The cells were briefly thawed according to the vendor's protocol and maintained in a humidified incubator at 37°C/5% CO 2 . The SmGM-2 ''bullet kit'' (Lonza CC-3182) contains one 500 ml SMC basal medium, and the following growth factor supplements: hEGF 0.5 ml; Insulin 0.5 ml; hFGF-B 1 ml; FBS 10 ml; GA-1000 0.5 ml; 10 U/ml penicillin; and 1 mg/ml streptomycin. Cells were trypsinized and passaged at 95% confluence. Studies were performed on cells at passages 4-6 and 60-90% confluence. The cells were exposed to 1% hypoxia for 48 h, and cells of the same passage were exposed to 20% oxygen (normoxia) for the same time periods that were used for controls. Cell counting, protein analysis, and ubiquitination assays were performed using these cells. Cell counting was performed using a NucleoCounter (New Brunswick Scientific).
Histopathology and Immunohistochemistry
Lungs were inflated with 4% paraformaldehyde at 20-cm water pressure and fixed in 10% neutral buffered formalin for 48 h at room temperature. Paraffin-embedded tissues were cut into 5-lm thick sections and stained with hematoxylin and eosin (H&E) by standard methods. Immunohistochemistry (IHC) using PTEN antibody (catalog no. 9559, 1:100 dilution; Cell Signaling Technology) was performed on the tissue sections with 3,3 0 -diaminobenzidine peroxidase substrate (SK-4100, Vector Labs) and counterstained with hematoxylin following the manufacturer's protocol. Representative photomicrographs were taken using an inverted fluorescence microscope (Nikon TE 2000, Japan).
Reverse-Transcription PCR Total RNA was isolated from the lungs of hypoxia-exposed rats and controls, using the RNeasy system according to the manufacturer's instructions and analyzed using a previously reported procedure [21] .
Western Blotting
Western blotting was used to determine protein expression in the cardiac and pulmonary tissues. The specimens were homogenized with nondenaturing lysis buffer (10 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 0.3 mM phenylmethylsulfonyl fluoride, 0.2 mM sodium orthovanadate, 0.5% NP40, 1 lg/ml aprotinin, and leupetin). The lysates were centrifuged at 10,0009g for 20 min at 4°C, and the supernatant was separated from the solid material. The protein concentration in the lysates was determined using a Pierce detergent-compatible protein assay kit. The protein lysate was denatured in 29 sample buffer and subjected to SDS-PAGE on a 10 or 12% tris-glycine gel. The separated proteins were transferred to a PVDF membrane, and the membrane was blocked with 5% nonfat milk powder (w/v) in TBST (10 mM Tris, 100 mM NaCl, 0.1% Tween 20) for 1 h at room temperature or overnight at 4°C. The membranes were incubated with primary antibodies directed against or known to cross-react with samples of rat origin. Actin was used as the loading control, and was detected by the corresponding primary antibody. The bound antibodies were detected using appropriate horseradish peroxidase (HRP)-labeled secondary antibodies using an enhanced chemiluminescence-detection system (ECL Advanced kit; Amersham Biosciences). Protein expression was quantified using Image Gauge version 3.45.
Ubiquitination Assay
SMCs were cultured under hypoxic conditions for 48 h and subsequently treated with 25 lM MG-132 (Calbiochem) for 2 h. Cells were then collected and lysed in lysis buffer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.5% Nonidet P-40, 1 mM EDTA (pH 8.0), 1 mM EGTA (pH 8.0), 0.1 mM sodium fluoride, 0.1 mM sodium orthovanadate, 1 mM dithiothreitol, 2 lg/ml aprotinin, and 2 lg/ml leuptin). Cell lysates were centrifuged at 10,0009g for 20 min at 4°C, and the supernatant was separated. A 500-lg sample of the total protein was used for immunoprecipitation. PTEN, pPTEN, or ubiquitin antibody was incubated with cell lysates for 12 h, followed by addition of 20 ll of recombinant agarose G-protein for 2 h. The matrices were washed four times with the same lysis buffer. After being boiled for 8 min in the presence of 2-mercaptoethanol, samples containing cell lysate protein were separated on a 10% sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE gel) and then transferred onto equilibrated PVDF membranes. After blocking with 5% nonfat milk powder (w/v), the membranes were incubated with the primary antibodies described above. The bound antibodies were detected with horseradish peroxidase (HRP)-labeled donkey anti-rabbit IgG using an enhanced chemiluminescence-detection system (ECL Advanced kit; Amersham Biosciences).
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Magnetic Resonance Imaging (MRI)
MRI was performed using a 9.4 T horizontal-bore small animal imaging system (Bruker Biospin) with cardiac gating. The rats were anesthetized using an isofluorane mixture (1.5-2% in carbogen gas), monitored for cardiac and respiratory function, and kept warm throughout the imaging period. LV end-systolic, LV end-diastolic, RV end-systolic, and RV end-diastolic volumes were calculated to determine cardiac function and dimensions. The image data were analyzed using ImageJ software (NIH).
Hemodynamic (pressure) Measurements
Hemodynamic measurements were measured in rats kept under isofluorane (2%) anesthesia. A Millar catheter (SPR-1000) was advanced through the LV directly. The RV systolic pressure (RVSP), LV systolic pressure (LVSP), pulmonary arterial pressure (PAP), LV end-diastolic pressure (LVEDP) were measured and analyzed using a PowerLab data-acquisition system (model ML866; Colorado Springs, CO).
Statistical Analysis
Data were expressed as mean ± SEM. Comparisons between groups were performed using the Student's t test or ANOVA as appropriate. The significance level was set at P \ 0.05.
Results
PTEN Expression in Monocrotaline-Induced Pulmonary Hypertension
Western blotting of lung and heart tissues obtained from rats 2 weeks after MCT administration showed a significant decrease in PTEN and phosphorylated-PTEN (pPTEN) levels, and a significant increase in phosphorylated-Akt (pAkt-Ser473) when compared to control tissues in the lung and RV, but not in the LV (Fig. 1a, b) . In both the lung and RV tissues, the pPTEN/PTEN ratios were significantly lower in the MCT-administered animals when compared with control, suggesting a decrease in PTEN activation in PH (Fig. 1c) . The results indicated that MCT-induced PH was associated with a substantial loss of PTEN activity with a concomitant increase of Akt activation in the lung and RV tissues, but not in the LV tissue.
Cell-Cycle Regulatory Proteins in MonocrotalineInduced Pulmonary Hypertension
Western blot analysis of cell-cycle regulatory proteins in the lung and heart tissues obtained from rats 2 weeks after MCT administration showed a significant decrease in p53 in all tissues when compared with control (Fig. 2) . However, p21 and p27 were decreased in the lung and RV, but not LV of MCT group. Cyclin-D1, which promotes progression of the cell-cycle, was significantly upregulated in all the three tissues of the MCT-administered rats. The results suggested that MCT-administration upregulated cell-cycle progression in lung and RV tissues. Changes in cardiac function upon exposure to hypoxia were measured using MRI. Representative short-axis images of the heart, obtained 3 weeks after exposure to hypoxia, are shown in Fig. 3a . Analysis of the MRI data showed an increasing trend, although not significant, in both end-systolic and end-diastolic volumes of the ventricles (Fig. 3b) . These results suggested a tendency toward cardiac dysfunction possibly due to development of PH upon chronic exposure of the animals to hypoxia. Ventricular and pulmonary arterial pressures were measured to confirm the development of PH in rats exposed to 3 weeks of continuous hypoxia. There was a significant increase in RV systolic pressure and mean pulmonary arterial pressure when compared with normoxic controls (Fig. 4) . However, there was no significant change in the LVSP upon hypoxic exposure. The results suggested the development of PH upon chronic exposure of the animals to hypoxia.
Histopathology of Lung Tissue upon Chronic Exposure to Hypoxia
Histopathology and immunohistochemical analyses of the lung sections obtained from age-matched rats after 3 weeks of hypoxia showed a widespread medial hypertrophy of arteries in comparison with the normoxic controls (Fig. 5) .
The peripheral arteries showed hypertrophy and hyperplasia Fig. 2 Cell-cycle regulatory proteins in MCT-induced pulmonary hypertension. Western-blot analysis was performed on lung and heart tissues obtained 2 weeks after administration of a single dose of MCT (60 mg/kg). a Representative blots show the downregulation of p53, p21, and p27, and upregulation of cyclin-D1 expression. b Quantitative results of the blots of p53 and cyclin-D1 in the lung, RV, and LV. Data represent mean ± SEM (n = 8). *P \ 0.05 versus respective control (C). The results show a significant decrease of p53 and increase of cyclin-D1 in the lung, RV and LV Fig. 3 Changes in cardiac function upon chronic exposure to hypoxia. Cardiac MRI of rat hearts was performed before exposure to hypoxia and also at 3 weeks post-hypoxia exposure. a Representative short-axis MRI images of the heart at baseline and after 3 weeks of hypoxia exposure. The images show significant RV hypertrophy in the end-diastolic image on hypoxia exposure. There is also an increase in LV wall thickness on hypoxia exposure in the endsystolic image. b End-diastolic (EDV) and end-systolic (ESV) volumes of the LV and RV. The results (mean ± SEM; n = 4/ group) show an increasing trend in ventricular EDV and ESV in both ventricles on exposure to hypoxia Cell Biochem Biophys (2013) 67:363-372 367 of medial smooth muscle and deposition of extracellular matrix in the perivascular space. There was also marked muscularization of the peripheral small arteries. Expression of PTEN was decreased in the expanded smooth muscle compartment in the vascular wall in the lungs of hypoxiaexposed rats. The results clearly indicated a loss of PTEN expression in the proliferating smooth muscle cells in the lung vasculature.
PTEN and Cell-Cycle Regulatory Protein Expression in Hypoxia-Induced Pulmonary Hypertension
The deregulation of PTEN was further studied in the hypoxia model of PH. RT-PCR analysis in the lungs of hypoxia-exposed rats showed a decrease in the expression of PTEN at the mRNA level (Fig. 6a) . Western-blot analysis of PTEN and related proteins showed a significant decrease in the levels of PTEN and pPTEN (Fig. 6b) . Cyclin-D1 expression was significantly upregulated, while p53 was downregulated in the hypoxia-exposed animals. The results suggested that chronic hypoxia administration downregulated PTEN expression and upregulated cellcycle regulatory protein cyclin-D1 in the lung.
Hypoxia Induces SMC Proliferation by Modulating PTEN
We next determined the effect of hypoxia on PTEN expression using SMCs exposed to 1% oxygen in vitro for 24 or 48 h. Hypoxia exposure for 24 h had no effect on cell proliferation (data not shown). However, following 48-h exposure, there was a significant increase in cell proliferation when compared with normoxic-cultured cells (Fig. 7a) . Western-blot analysis of the 24-h hypoxiaexposed cells showed no changes in the expression of PTEN, as well as in its upstream regulators (FAS and FAK) and downstream proteins (Akt and p21). However, 48-h exposure showed changes in PTEN, Akt, and p21 while there were no changes in the expressions of FAS and FAK. PTEN was downregulated, with a corresponding increase in Akt and decrease in p21 (Fig. 7b) . It is known that the intracellular amount of rapid-turnover proteins, including PTEN, is tightly regulated by the ubiquitin-dependent proteolytic pathway [22] . To determine whether hypoxia can induce proteasomal degradation of PTEN, we performed ubiquitination assays on SMCs cultured under Fig. 4 Changes in cardiac and pulmonary arterial pressure upon chronic exposure to hypoxia. Hemodynamic measurements were performed in rats exposed to hypoxia for 3 weeks. The results show a significant elevation in mean pulmonary arterial pressure (PAP) and RV systolic pressure (RVSP) in hypoxia-exposed rats when compared with the normoxic controls. *P \ 0.05 versus normoxic conrols (mean ± SEM; n = 4). There was no significant change in the LV systolic pressure (LVSP) Fig. 5 Histopathological and Immunohistochemical analysis of lung vascular SMC hyperplasia in hypoxia-exposed rats. Lung sections obtained from age-matched rats exposed to 3 weeks of hypoxia show marked muscularization of peripheral small arteries. The arteries show vascular smooth muscle hyperplasia in the tunica media. Immunohistochemical analysis also reveals a loss of PTEN expression, confined to the proliferating smooth muscle cells of the tunica media hypoxic conditions. Incubation with MG-132, an inhibitor of proteasomal degradation, caused an accumulation of polyubiquitin-tagged proteins on pPTEN and PTEN (Fig. 7c) , suggesting that PTEN is degraded via a proteasome-mediated mechanism under hypoxic conditions.
Discussion
The results of the present study showed, for the first time, that PTEN is substantially dysregulated in the progression of PH. Both the MCT-administered and hypoxia-exposed in vivo models of PH showed a significant decrease in the expression of active PTEN in the lung and RV, but not in the LV. The decrease in PTEN was accompanied by an increase in pAkt and alteration in the cell-cycle promoting proteins in both models. The results of the in vivo models of PH were corroborated by in vitro studies using vascular smooth muscle cells exposed to hypoxia. Taken together, our findings confirm that PTEN plays a role in vascular remodeling in experimentally induced pulmonary hypertension. In the MCT model of PH, we observed a decrease in PTEN with a concomitant increase in pAkt in the RV and lung tissues, suggesting upregulation of the PI3K pathway. However, PTEN and Akt were not affected in the LV tissue, suggesting that the MCT had no effect on the expression of these proteins in LV. Akt is a downstream target of the PI3K pathway and plays a central role in cell growth and survival [16, 23, 24] . The underlying mechanisms through which Akt is involved in cell proliferation may be via the inactivation of p53, p21, and p27, which are the inhibitors of cell-cycle progression as well as the accumulation of cyclin-D1 [21, 25, 26] . Activation of Akt exerts anti-apoptotic effects through phosphorylation of substrates that directly regulate the apoptotic machinery such as Bad [8] and caspase-9 [8, 24] , or phosphorylation of substrates that indirectly inhibit apoptosis, such as inhibitors of NF-jB kinases [27, 28] and MDM2 [8] . Our results show upregulation of the PI3K pathway by PTEN, leading to Akt-dependent phosphorylation and inactivation of p53, p21, and p27. The chronic hypoxia model of PH produced similar results as the MCT model with respect to PTEN-regulated Akt activation. Cyclin-dependent kinase inhibitor p27, a target of Akt, has been proposed as a downstream mediator through which PTEN may negatively regulate cell-cycle progression [9, 29] . The lipid-phosphatase activity of PTEN regulates Akt phosphorylation and p27 expression levels, whereas its protein-phosphatase activity regulates phosphorylation of mitogen-activated protein kinase (MAPK) and cyclin-D1 expression [11] . The activation of Akt/protein kinase B (PKB) is regulated in a complex manner via phosphorylation of Akt on Thr308 and Ser473 by protein-dependent kinase-1 (PDK1) and integrin-linked kinase (ILK), respectively [13, 21, 25] . Suppression of PTEN, such as that which occurs in PH, will constitutively activate the Akt/PKB pathway [30] . There is also activation of cyclin-D1, a controller of cell-cycle progression in both the models of PH used. This may signify that the vasculature has undergone hyperplasia, which is validated by the histopathological data [31, 32] . The effect of hypoxia on RV occurs in the initial stages of PH, leading to RV dilation which usually occurs terminally and is reflective of clinical scenarios. LV hypertrophy occurs in hypoxia due to decreased oxygen content in the coronary circulation and is a global phenomenon. We, however, did not see any LV hypertrophy in our hypoxia-exposed animals; it may possibly be too early to see the manifestation of this disorder in the LV [33, 34] .
We observed that both PTEN and pPTEN were suppressed in SMCs exposed to hypoxia for 48 h, with a corresponding increase in pAkt and a decrease in p21 expression. p21 is a key regulator of cell-cycle progression when cells are exposed to oxidative stress, and this plays an important role in SMC proliferation [26, 29] . One of the downstream targets of PI3K is the serine/threonine kinase Akt, which mediates cell growth through stabilization of cyclin-D1 and downregulation of cyclin-dependent kinase (CDK) inhibitors p27 and p21 [21, 29] . We observed that a reduction in PTEN expression promotes SMC proliferation through activation of Akt, which requires phosphorylation. This, in turn, phosphorylates cellular-signaling molecules relevant for cell proliferation, including p27.
PTEN is an unstable protein and is known to undergo constant proteasome-mediated degradation in cells. The decrease in PTEN levels in the hypoxia-exposed pulmonary vasculature may be due to its accelerated degradation as has been observed in our laboratory and others [22, 35] . Our results using ubiquitination assays on hypoxia-exposed SMCs suggest that, the decrease in PTEN was caused by polyubiquitin-mediated proteasomal degradation. However, this observation does not rule out the possibility of inhibition of PTEN and its expression at the mRNA level by hypoxia exposure, as has been shown in a number of cancer cells [5, 22] . Overall, the results suggest that stabilization of PTEN by inhibition of its proteasomal degradation or increase of its expression at the mRNA level maybe a potential therapeutic opportunity to restore PTEN levels and inhibit the progression of PH.
Fatty acid synthase (FAS) is an essential factor for diverse cellular functions including energy storage, membrane formation, signal transduction, and protein acylation [11] . FAS is regulated by the tumor suppressor gene PTEN in vitro [11, 36] . This regulation is thought to be mediated by a PI3K/Akt-dependent pathway, since overexpression of Akt enhanced the expression of the FAS gene, and the treatment of cells with a PI3K inhibitor reduced the FAS expression [11] . FAK is a key molecule implicated in integrin-signaling pathways, and is a target and effector of PTEN action [36] . PTEN interacts with FAK, directly dephosphorylating the active form of the molecule [37] . We determined that the PTEN-mediated regulation of the PI3K pathway, in our in vitro hypoxic exposure experiments, were independent of the FAS-and FAK-signaling pathways.
Pulmonary arterial remodeling in PH occurs due to noninvasive injury. This is in contrast to the vascular injury observed in coronary and carotid arteries, which is usually due to invasive injury (placement of stents) or atherosclerotic plaque rupture. Early elevation in pulmonary pressure is known to be mediated by hypoxia-induced pulmonary vasoconstriction which eventually (under chronically elevated pressures) leads to the development of PH. The development of irreversible PH may result in vascular remodeling by proteasomal degradation-mediated downregulation PTEN levels.
In the present study, we observe that PTEN is suppressed in both models of PH. Thus, compounds capable of promoting or stabilizing PTEN expression could have an inhibitory effect on vascular remodeling [10, 15, 20, 22] . Thus, inhibition of SMC proliferation by PTEN activation may prove to be an attractive therapeutic strategy [17, 30, [38] [39] [40] . In our previous study, we have tested the effect of HO-3867, a novel synthetic compound, on SMC proliferation through upregulation of PTEN [10, 22] . Future studies will need to evaluate the use of such PTEN-stabilizing compounds to inhibit the vascular remodeling associated with PH.
As mentioned in the introduction, the primary objective of this study was to determine the involvement of PTEN in PH, and hence the study used two well-established animal models of PH. Since both the monocrotaline and hypoxia models of PH have been well established, the present study did not attempt to fully characterize the model. In regard to translational aspects of our findings, we also recognize species variation in the pathogenesis of PH in rodents when compared to that in humans [35, 41] . Also, our studies do not exclude the potential involvement of other mediators in the models of PH used [20, 38, 39, [42] [43] [44] . Recent evidence that PTEN is deregulated in cardiac diseases with similar pathologies provides some assurance that the models used mimic alterations in PTEN accurately [13, 45] .
Our findings clearly indicate that PTEN plays a significant role in vascular remodeling involved in PH. While the mechanism of PTEN dysregulation in vascular remodeling has been studied in other vascular tissues, it has not been investigated in the pulmonary vasculature under the conditions of chronically elevated pulmonary pressures that may occur secondary to hypoxia-induced pulmonary vasoconstriction. Nevertheless, the results of the present study indicate that it may be useful to exploit PTEN as a potential therapeutic target for the management PH or any other pathology in which vascular SMC-induced remodeling plays a role.
